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Abstract

This paper describes a PC-based controller  for robot-
assisted minimally invaswve surgery. The de velopment is
motivated by the need of 1 educing the exposur ¢ of oper a ting
room personnel to X-rays during surgical procedures such
as percut an cous discectomy. The approach taken consists
of upgrading the hardware ar chitectur e and the control soft-
ware of o clean-room PUMA 260 manipulator, and by de-
veloping a new vision-based operator interface. The o1 ig-
inal PUMA controller is interfaced to a PPC for trajectory
generation and force/torque da ta acquisition. Kincmatic
and communication functions ar e ported to the ’C from
the RCCL package. The operator interface is used for robot
calibration anda motion commands. In this tmplemen tation,
position control and force/torque data acquisition ar ¢ e1 c-
cuted cvery 28 ms thus prescrving the o11(317101 10bot per-
formance. Preliminar g tests have shown the validity of this

approach and readiness of the systemn formor e calistic es
perirnentsinthe op erating 7oo111.

1 Introduction

Lower-back injuries are a frequent pat hology affecting
patients of all ages and occupations. It is cstimated,
for example, that more than 400,000 lower-back oper-
ations arc performed gyepy year in the US alone. It, is
therefore very important to devise new, minimally in-
vasive procedures that could reduce t he treatinent cost
and the hospitalization time of these injuries. Somne of
these procedures would benefit fron t he use of robotic
manipulators, but very few comn nercial robot s have
the performance needed by surgical operations, and
none has a cost compatible with the budget of a re-
scarch laboratory.

An appealing solution is to cnhance the capabilitics
of a general pui pose robot by increasing its comput a-
tion power and by adding advanced control and new
safety features. Thisroute has been pursued from the
beginuing of commercial robotics [10, 1], and has led
to iinportant results t hat benefit from the capabilitics
of Unix workstations [5, 6, 4]. The increased con -
putat ion POWEr of cconomic personal cotput ers (PPC)
allows now to develop similar robot contr oller in the
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Figur ¢ 11 The PC-cont rolled surgical PUMA.

PCenvironment. 1 lowever, t he solutions present ed so
fat lack generality or simplicity of use. For example, a
PC-based systewm connected to a robot controller via
a serial interface is presented in [8]. Using this sys -
t om, the operat or can select a specific cont rol law,
set t he controller gains, and compile t he cont ml law
into a program to be downloaded to the robot cori-
t roller. In [3] a PPC-bascd controller for a dexterous
manipulator is described, which integrates in a single
of f-t he -shelf PCrobot control and operator interface
functions. Unfort unat ely t hese cont rollers can only be
used with the high cost manipulators for which they
were developed, since they rely on proprictary infor-
mation from t he robot manufact urer.

An approach t o qevelop @ PC-based robot ic con-
trollet at a lower cost and for a larger user base than
t he above systems, is to refun bish an older PUMA ma-
nipulator by upgrading some of its hardware and soft-
wat ¢. So far however, this approach has received lit-
tle at tention because of t he lack of detailed t echnical
informat ion from the manufact urer. Since some tech-



nical information about PUMA manipulators is found
in the documet itation of the Robot Control C Library
(RCCL) [4], we based the development of this PC-
based controller for PUM A’ on the RCCI, package,
whose well writt en and extensively test cd progratns
can avoid code duplication and reduce testing time,
Since RCCL cannot be used directly in a PC environ-
ment due to its Unix origin, some reverse enginecring
is necessary to port RCCL functions and data struc-
tures to the PC environment.

This paper documents this process, in the hope of
providing a useful inethodology to ot her rescarchers
involved in similar developments. 1°0 the best of our
knowledge, this system is t he first PC-based controller
for PUMA robots developed using RCCL and integrat-
ing in a single commercial PC both robot control and
operator interface functions.

The paper is Organized as follows. In the following
Section we give the medical motivation for this work.
In Section 3, we describe the hardware and software
architecture of the system. In Scction 4, we summarize
the features of RCCL ported to the | ‘C enivironment.
Section & describes our current experitents using  a
vision-based operator interface. Finally, in Scction 6
wedraw some conclusions from this work and discuss
the directions Of our future rescarch and developinent.

2 Medical

Minimally invasive surgical procedures are routinely
used for lower-back injurics, but a few specific injuries
still require regular surgery or extensive X-ray moni-
toring. This is the case, for example, o f lmnbar ra dicu-
lopathy duc to herniated disks, which canbe effectively
treated using percutancous discectomy, a minimally
invasive surgery that requires the precise positioning
of a guide needle against the lesion. Because of the po-
sit ion of the lesion, the surgeon does not sce the area
reached by the necedie, and he/shie must rely on fluoro-
scopic images and patient fecdback to avoid damaging
nerves and blood vessels. Figure 2 is a typical fluoro-
scopic image, showing the guide needle positioned on
the herniated disk.

Percutancous discectomy is an app caling procedure
since it eliminates the need for entry into the spinal
canal. It consists of the removal of the prolapsed tis-
sue by inserting the surgical tools across a small skin
incision unt il they reach the herniated disk. The tools
are guided by the needle initially positioned by the
surgeon. Percutancous discectomy offers a number of
advantages, including the avoidaunce o f epidural bleed-
ing and perineural fibrosis, the elimination of damage
to the articular facets, and the preservation of spinal
stability. Unfortunately, percutaneous discectomy is
performed under fluoroscopy, thus exposing the medi-
cal staff to large amounts of radiation.

Motivation

Figure 2: A fluoroscopic image of a discectomy.

To overcome the problem of radiation exposure, a
serni-autowmatic procedure is proposed in [7], using a
PUMA 260 manipulator to assist thesurgeon during
the needle insertion. A robotic arm can be used suc-
cessfully in this procedure 1)(Ccause of thesimplicity
of the surgical gesture required. In fact, the insertion
of the guide needle consists of a simple linecar trajec-
tory, whose length and orientat ion are chosen on CAT
scans during pre-operative planning.  The proposed
robot-aided procedure consists of threephases. In the
first phase, the surgeon positions the tip of the needie
mounted on the robot wrist at the starting point of the
insertion. During the second phase, the manipulator
autonomously adjusts the orient ation of the needle to
the planned value, and initiates the motion towards
the prolaxed tissue. This motion is monitored by the
surgeon in a location protected by the X-rays. Fiually,
when the target disk is reached, the needle is unlocked
and the mani pulator removed, leaving roomn for the
surgeon to complete the procedure.

To perform this procedure successfully, several en-
hancements are needed to the standard PUMA con-
troller, in particular in the arcas of operator interface,
operati ve planning and kinematic control. It is necces-
sary to itlt(Cgrate the analysis of the CAT scans and of
the fluoroscope images with the trajectory planning of
the robot. Furthermore, kinematic singularity avoid-
ance and force control must be add ed to the controll er
t 0 incrcase operational safety. These features can-
not be implemented using the standard PUM A motion
controller, and a more powerful, PC-based controller
must be developed for this application.
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Figure 3: Schematiclayout of the PCcont roller.

3 System Description

This section briefly describes the main compouents of
the new PC-based controller. Its hardware design is
driven by the need of interfacing standardlaboratory
equipment to the PUMA family of manipulators. This
feature simplifics maintenanceand eases theadoption
of the robotic workstation by the medical community.

3.1 Hardware

The hardware used in the development o f the PC-
based surgical workstation consists of a PUMA 260
manipulator, a personal computer, an Assurance Teck -
nology Inc. (ATI) G-axis Force-Torque (FT) sensor,
and a solid state TV camera, as shown schematically
in Figure 3. The PUMA is equipped with its origi-
nal LSI-1 1 controller enhanced by a DRV-1 1 board to
carry out a parallel communication with the PC. The
installation and settings of this board are described
in [5]. The serial portof the PUMA controller is used
for t he initial set-up andfor downloading the soft ware
resident inthe PUM A controller. The parallel port
of the PUMA is used during normal operation, to ex-
change data between the PC and the PUMA scervo
controllers. The PC is equipped with a 1 00 MHz Pen-
tium Intel microprocessor, 16 M Bytes of RAM, serial
and parallel input/output ports, and a frame grabber
for image acquisition. The framne grabber is capable
of several input formats, to accept images from differ-
ent operating room equipment, and it includes a video
driver replacing the PC video driver to display both
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Figu 4: Diagram of the software timing

camera images and the computer output 011 the PC
monitor. During normal operation in the Operating
Room, the camera will be replaced by fluoroscopic de-
vice, providing images of the necedle insertion.

3.2 Software

The PC software is implemented using the DOS op-
crating system. The advantages of this choice are in
thelarge amount of software available, inthe signif-
icaut design expert ise available, and in the compati-
bilit y w it h software packages used during pre-surgery
planning,.

The central element of t he PC software is aninter-
rupt handler activated by t he real-time clock of the
programmable interval-counter in the CMOS memory
chip of the PC . This hardware interrupt dots not in-
terfere with the PC clock and is normally associated
to an empty interrupt handler. Au interval of 125 ps
is chiosen to ensure a good stability of the control loop
and a prompt acquisition of the sensory data.

To simplify the design and the synchronization o f
the different modules in the program, we used a com-
mercial real-ti[llc operating systemn called Fmbedded
DOS [9] which provides re-entrant system calls, and
functions such as threads, semaphores and protected
scgments. However, it is worth noticing that this real-
t ime support is not essent ial for the basic functions of
the controller. In fact, we are working on a version of
this controller that will not use the commercial pack-
age and that will be released in the public domain.

The 1°C soft ware consists of the following t hreads:
(1) A main programn handling all housckeeping furic-
tions t o initialize the environment, decode the motion
commands, start the real-time clock and the control
thread and, at the end of the trajectory, to saw the
trajectory data to an ASCII file on disk.



Figure 5: visual calibration and target acquisit ion.

(i2) A graphical interface for robot calibration and mo-
tion command input. Commands can be specified in
joint or Cartesian relative motions, or by select ing t he
trajectory end point on theimage of the robot.
(1i1) The control task activated by theinterrupt han-
dler, performing the trajectory interpolation, the ve-
locity limit check, and the communication with the
PUMA controller.

(iv) The sensor acquisition activated by theinterrupt
handler at a higher frequency than the control task,
since force/torque meas urements must be completed
within a control cycle.

The interaction among the tasks is schematically
represented in Figure 4, which also snows the titning
of the control functions. The real-ti[nc clockrunsat a
125 psintervalduring the exccution of t hetrajectory,
and increments the counter for the 28 ms control algo-
rithm. In Figure 4, the execution flow of t he program
is shown by the arrows linking the various functions
and representing causal relations. The cont roller soft-
ware staris with the main task (o), followed by theOb-
crator interface (b). When a new motiou comnmand is
given, the docks (d)and(e)are started, together with
the the control (c) and the F'I' acquisition (f)threads.
At (g), whenthe trajectory is finished, the main turns
off the docks, saw the data to afilcand cnablesthe
operator’s interface, which displays the current. posi-
tion of thearm.

The FT sensor processor acquires the cight strain-
gauge values in approximately 2 s, andtrans -
mits them to the PC in 250 us.  The acquisi-
tion/transmission cycle thus provides new F1' data ev-
ery cycle! of t hie control algorithimn.

Figure 6: Fiual position of the robot arm.

4 RCCL port to the PC

The Robot Cont rol CLibrary (R CCL) consists of two
main components: a € language extension for robot
mot ion planning and control, and t he Real-Time Con-
trol Iuterface (RCI) package. The former includes pro-
grams and datastructures for kinematic and planning
computation. The lat ter handles the real-t ime aspects
of robot control and communicat ion. We take advan-
tage of themodularity and quality of R CCL/RCIpro-
grams by using some of its components into the soft-
warc of the ’C-based cont roller.

We use several elements of RCI: the communication
program doum, the PUMA resident software m oper,
andthe functions and t he data structures to commu-
nicate with moper.  Down overwrites the VAL lan-
guage with moper. Moper is the software inthe 1SI-
11 computer that handles the data exchauge between
the joint servo controllers andtheP’C. It is worth
noticing that mojer works properly only on a con-
t roller that has been freshly initialized by VALL. Siuce
the real-time clock on the PC provides an accurate
timing, here MOPeY js ysed in slave mode. The low
level communication between the PC software and
moper is carried out, using RCI puma-input () and
puma _output () routines, which read from, aiid write
data t o t hestructures defined in RCI_RBT, i.e. LS,
HOW, CHG, KIN [4]. Thereal-timesupport, task syni-
chronization, and inter-task communication on the PC
is carried out by t hereal-time soft i, described in
Section 3.2.

The control t hread described in Section 3.2 includes
t he following RCI funct ions organized in t his order:
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Figure 7: Plot of the position control experiment.

1. priSignal () signhals moper the arrival of a new sct-
point;

2. priRead () reads the current encoders values;

3. puma-input () converts the encodersinto joint an-
gles and docs a safety check ontheinput data;

4. cycleDrive () generates the trajectory int erpola-
tion;

5. puma _output () converts the setpoints into encoders
data and dots a safety check on the output data;

6. priwrite send the setpoints to moper.

The kinematic computations on the ’C are carried
out using RCCL functions and data st 1uctures. The
trajectory gencrator consists of a cycloidal interpola-
tion which suits the application neceds bet ter than the
original RCCL trajectory generator.

Before starting a motion, the trajectory is computed
oft’-linc to check for possible singularities and to verify
that joint velocities are withinthe safety limits.

5 Experimental Results

In this section, we report onour current tests with the
PUM A 260 manipulator and the PC-based cont roller.
The system start-up is still quite involved and includes
the following steps:
(i) Power up the PUMA controller and load VAL to
the PUMA controller,
(ii) Calibrate the robot using VAL and acquire the
PUMA joint angles,
(i#i) Download moper to the PUMA contioller
(iv) Start the! I’c-based controller,initialize PCand
moper data structures with therobot joint current val-
ues

An approximate calibration of the visual inter face is
then carried out by the opcrator by sclecting on the
computer screen the base and the tip of the surgical
needle, as shown in Figure 5. The PC then acknowl-
edges the axis selection by drawing a line on the needle
in the camera picture. By knowing the robot orienta-
tion with respect to the camera and the length of the
necdle, it is possible to compute the scale factor of
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Figure 8: Plot of the tracking crror.

the image and use the mouse to define a lincar trajec-
tory for the robot. The user specifies the end-point
of motion for the robot by clicking wit h t he mousc on
a point on the needle axis. With the current set,-ulj,
t he screen resolution corresponds to 1 mm /pixel. The
start motion command is then given by typing the cor-
responding text string.

A typical experiment is shown in Figures 5 and 6.
Figure 5 shows the cross-hair marking the selection of
t heneedle tip and of the trajectory end point. Figure 6
shows the end of the trajectory with the manipulator
reaching the cross-hair marking the target point. The
command given using the visual interface corresponds
t o a b cmmotion on the X7 plane, along t he line de-
fined by t he current orient at ion of the surgical needle,
aud with a velocity of 10 mm /5. The initial position
of the arm is (x=187.3%9mm,y= -126.24 mmn, z =
-9.81 min), and the orientation remains constant dur-
ing the wmotion.  The final position of the arm is
(x = 236.56 mm, y = —126.2dmm, z = —18.76mm).

Figure 7 snows the plot of the Cartesian setpoint
and of therobotarm motion during the trajectory of
Figure G. The purpose of these tests is primarily to
cevaluat e the effects of the trajectory gencrat ion and
communicat ion protocol on t he tracking performance
of t he arm. This plot shows that the arin tracks the
cycloidal Cartesian motion trajectories accurately, and
demonstrates the good t racking performance of the
PC-based cont roller. The maximum tracking crror for
the experiment shown in Figures 5 and 6 is equal to
0.2 man, and s typical oft rajectories 10 to 15 cmlong,
traversed with t he velocities of 3 to 10 /s, used in
t hesesurgical procedures.

During the experiments, data are processed and pre-
sented to the operator using a set of Mat Lab proce-
dures [2]. In the current implementation, the con-
trol Cycle of the PC-based controller is limited to
28.0 s by t he update time of the PUMA cont roller.



Since the computat ion and commuuication cycle on
the PC takes approximately 8 ms, the controller dots
not introduce any degradation to therobot armper-
formance. By making the appropriate chauges to the
paramcters of the PUMA joint cont rollers, t he con-
trol cycle of the PC-bascd controller canin theory be
reduced t 0 8 ms, thus significantly improving syst em
performance.

6 Conclusions

A robot ic workst ation for simmple sur gical procedures js
described in this paper. The system is PC-based and
uses a PUMA 260 manipulator, which is well suited
for simple tasks requiring precise position control and
force monitoring, and a smallsystem envelope for easy
trausport and installation in the operatitig roomn. The
proposed system responds to the need of the medical
commuuity for a PC-based high-performance motion
controller for PUMA manipulators that can support
an open architecture with different input devices, such
as X-ray machines and imnage analysis programs.

Theuse of a robotic device in the surgical environ-
ment will have a number of significant advautages for
the practicing surgeon. For example, it will provide
quantitative force information to the surgical proce-
dure, it will ensure that, in the case of thediscectomy,
the guide needle will reach the target in a single mo-
tion, and it will provide a higher level of repeatability
than is currently achievable.

The experiments carried out so far show that the
PC-based controller is able to handle successfully the
control of PUM A arm and acquire force and torque
data. Furthermore, the implementation of the con-
troller software shows that robot control can take ad-
vantage of the large body of public domain software
available, such as RCCL for kinematic analysis and
PUMA communication.

Inthe future, weplanto emphasize the integration
aspects of the design, to simplify the robot operation,
and the precision tests during realistic operating room
experiments. We will also improve the overall safety
of the system, by developing appropriate calibration
procedures, force monitoring when using the flexible
surgical needle, kinematic analysis of trajectory singu-
larities, and external scrisors.
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